1. Introduction {#sec1}
===============

Early in life, parental interactions can serve as a buffer against the negative consequences of stress on physiology and learning ([@bib58], [@bib34], [@bib30], [@bib57], [@bib61], [@bib28], [@bib65]). However, if rearing conditions are suboptimal, parental stress or disruptions in the quality or reliability of care can be rapidly transmitted to the offspring and serve as a primary source of stress, driving changes in development and neurobehavioral outcomes ([@bib37], [@bib53], [@bib60], [@bib38], [@bib5], [@bib51], [@bib50], [@bib54], [@bib42], [@bib10], [@bib31]). Significant disruptions in the quality of early life care impact neural structure and functional plasticity of the brain ([@bib62], [@bib19], [@bib20]) and have been identified as potential catalysts for negative health outcomes, including disturbance in cognitive development. For example, in humans, institutionalized rearing or abusive early environments have been associated with the development of significant impairments in general cognitive functioning with specific deficits identified in memory recall ([@bib12]) and short term memory ([@bib13]). These same experiences are associated with regional effects on brain development, with significant reductions in hippocampal volume and cortical thinning in frontal regions associated with memory function, attention, and spatial abilities ([@bib14]).

Significant sex disparities have been identified for stress-associated pathology, with females being twice as likely as males to develop PTSD, depression, and anxiety disorders ([@bib69], [@bib16], [@bib17], [@bib25], [@bib27], [@bib18], [@bib35], [@bib33], [@bib15], [@bib22], [@bib29], [@bib47], [@bib49]). However, whether similar sex disparities exist for stress-associated cognitive disturbance have not been as well characterized. Recent studies in animal models have provided mixed results, but have identified sex, developmental status, and timing of the stressor, as potential variables contributing to risk for cognitive outcomes. For example, some studies have reported significant impairment following various forms of ELS on spatial learning in female rats ([@bib41]; [@bib67]), while others found a male bias in impairment in both mice and rats [(]{.ul}[@bib8]; [@bib44]; [@bib55]; [@bib56]; [@bib66]; [@bib45]). Other studies from both mice and rats failed to identify sex differences in performance ([@bib11]; [@bib46]), while further studies in rats found ELS to be associated with improved cognitive performance ([@bib8]; [@bib72]; [@bib64]; [@bib7]). Thus, considerable confusion exists with regard to the effects of ELS on cognitive functioning, possibly due to the varied forms of stress, timing of stress implementation, and age at testing. It should be noted that the majority of studies focused on assessing outcomes at one or two time points in development, typically late adolescence or adulthood, or failed to take into account possible developmental changes in performance on cognitive measures.

Here, the effect of ELS, in the form of maternal bedding restriction from P4-P11 ([@bib51], [@bib10]), was tested on the development of spatial learning in male and female mice across early development. To do this, ELS and control reared mice were tested on a novel object placement (NOP) task, at postnatal days 21, 28, 38, 50, and/or 75. This allowed for assessment of time points that approximate childhood (P21), the pre-adolescent period (P28), the peri-adolescent period (P38), early adulthood (P50), and adulthood (P75) in mice. To minimize potential practice effects and diminish the contribution of any single litter on the overall results, a large number of litters were sampled (26), and no mouse was tested at more than 2 developmental time points. Significant sex disparities in risk for cognitive outcomes following ELS were observed. Males showed early emergence and persistent impairments in performance on the NOP task, while females showed an earlier but transient impairment in NOP performance. The current data suggest that stress may have sex and developmental selective effects on the emergence of cognitive disturbance, and such factors may be critical in understanding the contribution of stress and sex to developmental pathology.

2. Methods {#sec2}
==========

2.1. Subjects {#sec2.1}
-------------

Breeding stock of male and female C57Bl/6N mice were acquired from Charles River labs and all mice used for the current studies were derived from litters that had been bred in house. Animals were maintained under normal housing conditions on a 12h:12h light cycle with *ad libitum* access to food and water. Pups were weaned and sex segregated at 21 days of age. All animal procedures were approved by the Brown University Institutional Animal Care and Use Committee and consistent with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

2.2. Fragmented maternal care {#sec2.2}
-----------------------------

Four days following the birth of a litter, the dam and pups in the fragmented maternal care condition were transferred from their standard home cage, to a home cage with a wire mesh floor and a 2 × 4 cm cotton nestlet as their only source of bedding (as described in [@bib10]). Mice continued to have *ad libitum* access to food and water. Dam and litters remained in these modified housing conditions for seven days, and were then returned to standard housing, containing cob bedding and a 4 × 4 cm nestlet. Control mice were left undisturbed throughout these procedures. Litters were composed of both male and female pups, and litters ranged in size from 5 to 8 pups per litter. Pups were not culled and natural variation in sex distributions were allowed. Pups were derived from 26 different litters with a range of sex distributions. Previous work in both mice and rats have shown that the bedding restriction manipulation leads to a fragmentation in maternal care and elevations in stress hormones in the dam immediately following the stressor ([@bib5], [@bib51], [@bib10], [@bib31], [@bib43]). In mice and rats, ELS housing leads to an increase in the number of departures by the dam from the nest, but no change in the duration or total time spent licking and grooming or arched back nursing ([@bib31], [@bib43]). Here, detailed assessment of maternal behavior was not carried out. Instead, successful replication of core features of this paradigm were used to verify the efficacy of the manipulation, including diminished weight gain of pups, an effect that was observed in both male and female mice ([Fig. 1](#fig1){ref-type="fig"}).

2.3. Open field task {#sec2.3}
--------------------

At 20 days of age, prior to beginning the novel object placement task, all mice received an initial exposure to the open field testing apparatus (the same apparatus used for NOP testing). Open field testing occurred between the hours of 9AM and 12PM, under approximately 15--20Lux of light and lasted for a total of 7 min. During this time, mice were video recorded and their activity was tracked with the aid of digital tracking software (Noldus Ethovision XT 8.5). To determine if ELS or sex significantly impacted locomotion within the testing apparatus, total distance traveled was quantified. Percent time in the center of the open field was used to test if ELS altered anxiety-like behavior.

2.4. Novel object placement task {#sec2.4}
--------------------------------

One day prior to testing, mice were again habituated to the empty open field for 7 min to acclimate them to both handling as well as the testing environment. Testing occurred between the hours of 9AM and 12PM, under approximately 15--20Lux of light. A total of 26 different litters of mice were used. At each age, groups included mice from a minimum of at least 4 different litters. Testing consisted of an exploration phase (T1, exploration trial) and a recognition phase (T2, recognition trial). In the exploration trial, mice were placed in the open field with two identical objects ([Supplemental Fig. 1](#appsec1){ref-type="sec"}) for 5-min. Investigation of the objects was timed using automated tracking software (Noldus Ethovision XT 8.5), with investigation defined as the subject\'s nose being directed at and within 1 inch of the object. After the T1 exploration phase, the subject was removed from the open field for 25 min. ITI duration was chosen based on prior work in rats, which found that 21 day old rats could complete the task with short \< 1hr, but not long (24hr) intervals ([@bib32], [@bib70]). During the ITI, one object was moved to a new location and the arena and object were cleaned with ethanol and dried. The mouse was then returned to the arena for an additional 5-min trial and the time spent exploring the objects in the new (novel) and old (familiar) locations after the delay (T2, recognition trial) were assessed with the aid of automated tracking. All locations for the objects were counterbalanced among groups. Because mice generally show a novelty preference, (e.g. more time spent exploring the object in the novel rather than familiar location) a bias toward investigation of the object in novel location was used to assess the subjects memory of objects in familiar relative to novel locations ([@bib2], [@bib40]).

2.5. Realtime quantitative polymerase chain reaction (RT-qPCR) {#sec2.5}
--------------------------------------------------------------

For each developmental time point, the hippocampus (whole hippocampus from one hemisphere-side randomly selected) was collected from behaviorally naïve animals from at least 2 different litters to eliminate the possibility of cohort effects on measures of gene expression (n = 5 animals per group/per age). Brains were dissected on ice, hippocampus was isolated followed by homogenization in RNAzol (Molecular Research Center, Cincinnati, OH) and stored at −80C until processing. RNA isolation was in accordance with the manufacturers protocol. First strand cDNA synthesis was in accordance with New England Biolabs MmULV protocols (NEB, Ipswitch, MA). Predesigned and pre-validated Taqman assays from Applied Biosystems (Life Technologies, Norwalk, CT) for Ki-67 (assay\# Mm01278616_m1) and DCX (assay\# Mm00438400_m1) were used and run in multiplex with housekeeping gene (18S cat\# 4319413E). For each plate and assay, gene expression was calculated based upon a standard curve included on each plate. A CFX384 RT-qPCR system (Biorad, Hercules, CA) and associated software was used for all gene expression profiling.

2.6. Statistics {#sec2.6}
---------------

Effects of sex, age, and treatment were calculated for gene expression, locomotor activity, object visits, and object exploration time during the T1 exploration and T2 recognition phase of the task using ANOVA. For T2 recognition testing, a single sample *t*-test (tested against 50- defined as chance) was used to test for successful performance on the task. Correlation analysis was used to test for relationships between T1 exploration (object visits and object investigation) and T2 recognition performance. For all tests alpha was set at *p* \< 0.05.

3. Results {#sec3}
==========

3.1. ELS effects on somatic and stress measures {#sec3.1}
-----------------------------------------------

Between P11 and P60, a significant effect of age was observed on weight (F~(11,780)~ = 1719.732, *p* \< 0.001; eta^2^ = 0.960), with all groups showing a significant increase in weight over development. A significant main effect of sex was also observed (F~(1,780)~ = 73.120, *p* \< 0.001; eta^2^ = 0.086), with females being smaller than males. In addition, a significant main effect of treatment was found for weight (F~(1,780)~ = 350.234, *p* \< 0.000; eta^2^ = 0.310; [Fig. 1](#fig1){ref-type="fig"}A), with ELS animals weighing on average 17% less than control reared mice. The effect of ELS on weight gain was similar in both male and female mice, with no sex x age × treatment interaction (F~(11,780)~ = 0.467, *p* = 0.924; eta^2^ = 0.007).

For corticosterone, basal serum levels significantly increased with age (F~(1,50)~ = 71.797, *p* \< 0.001; eta^2^ = 0.812), and a main effect of treatment was found (F~(1,50)~ = 25.128, *p* \< 0.001; eta^2^ = 0.334; [Fig. 1](#fig1){ref-type="fig"}B) with ELS leading to a significant elevation in basal corticosterone levels in both male and female mice. In addition, there was a significant main effect of sex (sex: F~(1,50)~ = 18.837, *p* \< 0.001; eta^2^ = 0.274) with corticosterone levels in females being significantly higher than those observed in males for both control and ELS reared conditions ([Fig. 1](#fig1){ref-type="fig"}B). Follow-up analyses at each independent age show a significant effect of treatment that emerged at P16 (ANOVA, F~(1,12)~ = 14.780, *p* = 0.002; eta^2^ = 0.552), but did not reach significance at P12 (ANOVA, F~(1,14)~ = 2.515, *p* = 0.135; eta^2^ = 0.152).

3.2. Open field locomotor testing (P20) {#sec3.2}
---------------------------------------

In previous work, ELS has been shown to impair early motor development ([@bib10]). Differences in locomotor activity can influence performance on the NOP task by altering the number of visits and amount of time investigating objects in the environment. To test for effects of sex (male and female) and treatment (control and ELS) on general locomotor activity prior to study enrollment, aged P20 mice were tested in the open field for 7 min. No main effect of treatment was found for total distance traveled (ANOVA; F~(1,85)~ = 2.247, *p* = 0.138; eta^2^ = 0.026). There was also no effect of sex on distance traveled (ANOVA; F~(1,85)~ = 0.000, *p* = 0.993; eta^2^ 0.000) with male and female control and ELS mice traveling similar overall distances ([Fig. 1](#fig1){ref-type="fig"}C). To determine if ELS alters the expression of anxiety-like behavior at this young age, the percent time that mice spent in the center of the open field was assessed. There was no main effect of treatment (F~(1,47)~ = 0.198, *p* = 0.658), sex (F~(1,47)~ = 3.448, *p* = 0.070), or treatment × sex interaction (F~(1,47)~ = 0.032, *p* = 0.858) for this measure, indicating that ELS does not alter locomotor activity or anxiety-like behavior at this age ([Fig. 1](#fig1){ref-type="fig"}D).

3.3. Novel object placement performance (T2 recognition) {#sec3.3}
--------------------------------------------------------

Prior work in mice has shown sex differences in NOP performance when using a 24 h ITI ([@bib26]). Here, a 25-min ITI was used and no difference was found between control reared male and female mice (F~(1,110)~ = 1.065, *p* = 0.304, eta^2^ = 0.010), indicating that both male and female mice can perform successfully on this task. However, for mice reared under ELS conditions, a significant main effect of sex was found (F~(1,127)~ = 6.581, *p* = 0.011, eta^2^ = 0.049) with males performing significantly worse than females. In follow-up analyses, the effect of treatment was assessed within sex, and showed that ELS led to impaired NOP performance in male (F~(1,135)~ = 4.663, *p* = 0.033; eta^2^ = 0.033), but not female mice (F~(1,107)~ = 0.148, *p* = 0.701; eta^2^ = 0.001).

To test for successful performance on the NOP task at each age tested, a single sample *t*-test was used to test group performance against chance levels of investigation (50--e.g. equal investigation of the object in the novel relative to the familiar location). Successful performance was defined as a T2 fraction significantly greater than 50. Data from control and ELS male mice is presented in [Fig. 2](#fig2){ref-type="fig"}A and data from control and ELS female mice is presented in [Fig. 2](#fig2){ref-type="fig"}B.

### 3.3.1. Male NOP performance {#sec3.3.1}

At P21, control reared male mice showed successful discrimination (*t*(10) = 2.827, *p* = 0.009). However, ELS male mice failed to differentiate between the object in the novel relative to familiar locations (*t*(16) = 0.224, *p* = 0.413), performing at levels indistinguishable from chance. At P28, performance of control reared male mice approached but did not reach significance (*t*(8) = 1.397, *p* = 0.100), while male mice reared under ELS conditions again failed to show successful discrimination (*t*(7) = 0.368, *p* = 0.362). At P38, control reared male mice again approached but did not reach significance with regard to successful performance (*t*(13) = 1.470, *p* = 0.083). However, at this same developmental time point ELS reared males failed to show significant discrimination (*t*(11) = 0.265, *p* = 0.398). At P50, control reared male mice were again successful at performing the task (*t*(13) = 2.085, *p* = 0.029), while ELS males again failed to show successful discrimination (*t*(23) = 0.827, *p* = 0.209). Finally, at P75, control reared male mice showed successful performance (*t*(7) = 1.941, *p* = 0.047), while ELS male mice continued to fail to discriminate between the objects in the novel relative to familiar location (*t*(21) = 1.186, *p* = 0.125).

### 3.3.2. Female NOP performance {#sec3.3.2}

For female mice, at P21, control reared female performance approached, but did not reach significance (*t*(11) = 1.509, *p* = 0.080). At this age, ELS female mice failed to differentiate between the object in the novel relative to familiar locations, performing at levels indistinguishable from chance (*t*(8) = 0.218, *p* = 0.417). At P28, Both control reared females (*t*(12) = 2.848, *p* = 0.008) and ELS reared females (*t*(8) = 2.326, *p* = 0.024) successfully performed the task. At P38, control reared female mice could successfully discriminate between the novel and familiar object location (*t*(16) = 2.496, *p* = 0.012), however, ELS reared females failed to show significant discrimination at this time (*t*(7) = 0.706, *p* = 0.252). At P50, both control reared female mice (*t*(15) = 2.083, *p* = 0.028) as well as ELS female mice (*t*(15) = 1.923, *p* = 0.037) performed successfully on the task. Finally, at P75, again, both control reared female mice (*t*(4) = 1.560, *p* = 0.097) as well as ELS female mice (*t*(11) = 3.482, *p* = 0.003) were successful in discriminating between the object in the novel relative to familiar location.

3.4. Effects of test re-test on NOP performance {#sec3.4}
-----------------------------------------------

A subset of mice (96) were tested at two separate developmental time points. Comparing performance between first and second test, no effects of test repetition on performance were found (Paired t-test- T(95) = −1.669, *p* = 0.098). Mean performance on test 1 was 53.9 (SEM = 2.1) while mean performance on test 2 was 58.2 (SEM = 1.8). Performance across age was also assessed in control and ELS reared animals to determine if age significantly contributed to changes in performance over development. No significant main effect of age was found for either control (F~(4,110)~ = 0.438, *p* = 0.748, eta^2^ = 0.017) or ELS reared mice (F~(4,127)~ = 1.345, *p* = 0.257, eta^2^ = 0.041), indicating no differences in performance across the ages tested.

3.5. Additional metrics of NOP performance {#sec3.5}
------------------------------------------

As mentioned above, deficits in performance can be due to failures in a number of different phases of this task beyond impaired memory or spatial abilities. In some instances, failures can emerge as a consequence of diminished initial investigation of the objects during habituation, a failure to approach the objects during the recognition phase, and/or increased or decreased locomotion which may impair overall investigation time and number or duration of object visits. Data was collected on all of these metrics to test if any of these variables might explain impairments in performance observed in ELS male and female mice, as well as test for potential effects of age, sex, and treatment on these measures.

3.6. Distance traveled during T1 exploration and T2 recognition testing {#sec3.6}
-----------------------------------------------------------------------

Group differences in total distance traveled during the T1 (exploration) as well as T2 (recognition) phases of the NOP task were collected using automated tracking software (Noldus Ethovision), to investigate the effects of age, sex, and treatment on locomotor activity. During the exploration phase of the task, no effects of sex (ANOVA; *F*~(1,162)~ = 0.280, *p* = 0.598; eta^2^ = 0.002) or of treatment (ANOVA; *F*~(1,162)~ = 0.380, *p* = 0.539; eta^2^ = 0.002) were found for total distance traveled ([Fig. 3](#fig3){ref-type="fig"}A and B). In addition, there was no sex\*treatment interaction (ANOVA; *F*~(1,162)~ = 0.858, *p* = 0.356; eta^2^ = 0.005). However, a significant effect of age was found for distance traveled (ANOVA; *F*~(4,162)~ = 6.873, *p* \< 0.001; eta^2^ = 0.145; [Fig. 3](#fig3){ref-type="fig"}A and B) with mice showing a general trend toward greater distance traveled with increasing age. However, there were no interactions between age and any other variables. During the T2 recognition phase of testing, no effect of sex (ANOVA; *F*~(1,162)~ = 0.016, *p* = 0.901; eta^2^ = 0.001), treatment (ANOVA; *F*~(1,162)~ = 1.813, *p* = 0.179; eta^2^ = 0.007), or sex\*treatment interaction (ANOVA; *F*~(1,162)~ = 0.192, *p* = 0.661; eta^2^ = 0.001; [Fig. 3](#fig3){ref-type="fig"}C and D) were observed. For the T2 recognition phase, a significant effect of age was observed (ANOVA; *F*~(4,162)~ = 8.124, *p* \< 0.001; eta^2^ = 0.118; [Fig. 3](#fig3){ref-type="fig"}C and D), with greater distance traveled in older mice, but no interaction between age and any other variable.

3.7. Object investigation during T1 exploration and T2 recognition {#sec3.7}
------------------------------------------------------------------

ELS may impact the overall duration or frequency of object investigation during the exploration or recognition phase of testing, an indicator of object interest or willingness to explore objects. Thus, total time spent engaged in object exploration for each phase of testing was assessed. For the exploration phase, similar overall levels of investigation were observed for male and female control and ELS reared mice. For total time spent investigating objects, no main effect of sex (ANOVA; *F*~(1,162)~ = 0.577, *p* = 0.449; eta^2^ = 0.004), treatment (ANOVA; *F*~(1,162)~ = 0.001, *p* = 0.978; eta^2^ = 0.001), or sex \* treatment interaction (ANOVA; *F*~(1,162)~ = 0.003, *p* = 0.956; eta^2^ = 0.001; [Fig. 4](#fig4){ref-type="fig"}A and B) were found. However, a main effect of age was found (ANOVA; *F*~(4,162)~ = 5.450, *p* \< 0.001; eta^2^ = 0.119, [Fig. 4](#fig4){ref-type="fig"}A and B), with a trend toward lower levels of investigation at later ages in development. Near identical effects were observed for the number of object visits during the exploration phase of testing (data not shown). For the number of object visits, no main effect of sex (ANOVA; *F*~(1,162)~ = 0.193, *p* = 0.661; eta^2^ = 0.001), treatment (ANOVA; *F*~(1,162)~ = 1.003, *p* = 0.318; eta^2^ = 0.006), or sex\*treatment interaction (ANOVA: *F*~(1,162)~ = 0.035, *p* = 0.852; eta^2^ = 0.001) were found. For number of object visits during T1 exploration, a significant effect of age was found (ANOVA; *F*~(4,162)~ = 2.969, *p* = 0.021; eta^2^ = 0.068) but no interaction between age and any other variables.

For the T2 recognition phase of the task, a main effect of sex was found (ANOVA; *F*~(1,242)~ = 6.714, *p* = 0.010; eta^2^ = 0.027) with males showing slightly higher overall levels of investigation, but no main effect of treatment (ANOVA; *F*~(1,242)~ = 2.899, *p* = 0.090; eta^2^ = 0.012) as well as no treatment\*sex interaction (ANOVA; *F*~(1,242)~ = 1.238, *p* = 0.267; eta^2^ = 0.005; [Fig. 4](#fig4){ref-type="fig"}C and D). For time spent investigating objects during the recognition phase of the task, there was no main effect of age (ANOVA; *F*~(4,242)~ = 0.729, *p* = 0.573; eta^2^ = 0.012, [Fig. 4](#fig4){ref-type="fig"}C and D), or interaction between age and any other variable. For the number of object visits during the recognition phase, a significant main effect of treatment was found (ANOVA; *F*~(1,242)~ = 4.060, *p* = 0.045; eta^2^ = 0.016, data not shown), with ELS animals tending to visits objects more frequently. A marginal main effect of sex was also found for this measure (ANOVA; *F*~(1,242)~ = 3.455, *p* = 0.064; eta^2^ = 0.014, data not shown), but no treatment\*sex interaction (ANOVA; *F*~(1,242)~ = 0.486, *p* = 0.486; eta^2^ = 0.002, data not shown). Finally, there was no significant main effect of age on object visits (ANOVA; *F*~(4,242)~ = 0.219, *p* = 0.928; eta^2^ = 0.004, data not shown) or interaction between age and any other variable.

3.8. Relationship between T1 exploration and T2 recognition performance {#sec3.8}
-----------------------------------------------------------------------

Multiple methodologies exist for carrying out NOP testing, with some groups suggesting that increasing object investigation time or equating object investigation time during the exploration phase can lead to enhanced performance during the recognition phase of the task. Here, a fixed trial duration was used for both the T1 exploration and T2 recognition phases of testing. Correlation analysis was used to investigate whether differences in object investigation time or number of visits to the objects during the T1 exploration phase significantly correlated with performance in the T2 recognition phase. Interestingly, no correlation was found between object visits during the T1 exploration phase and performance during the T2 recognition phase (*r*(182) = 0.017, *p* = 0.822) and no correlation between object investigation time during the T1 exploration phase and performance during the T2 recognition phase (*r*(182) = 0.023, *p* = 0.760), indicating that increased investigation during the exploration phase did not lead to better performance in the recognition phase of the task. When correlations were carried out at each age ([Fig. 5](#fig5){ref-type="fig"}A--E), no significant relationships were found between time investigating the objects during the T1 phase and T2 performance at P21 (*r*(35) = 0.003, *p* = 0.750), P28 (*r*(33) = 0.092, *p* = 0.076), P38 (*r*(49) = 0.000, *p* = 0.953), P50 (*r*(36) = 0.029, *p* = 0.311), or P75 (*r*(19) = 0.022, *p* = 0.525) (see [Fig. 6](#fig6){ref-type="fig"}).

3.9. ELS and markers of cell proliferation and differentiation {#sec3.9}
--------------------------------------------------------------

Previous work has suggested that ELS effects on hippocampus neurogenesis may contribute to sex differences in performance on the NOP task ([@bib45]). Here, whole hippocampus was collected from one hemisphere of behavioral naïve male and female control and ELS mice across development. Using RT-qPCR, effects of development, sex, and treatment on markers of cell proliferation (Ki-67) and cellular differentiation (Doublecortin- DCX) were tested. For Ki-67 levels in male mice, a significant main effect of age (F~(7,65)~ = 16.247, *p* \< 0.001; eta^2^ = 0.636), treatment (F~(1,65)~ = 4.887, *p* = 0.031; eta^2^ = 0.070), and marginal treatment × age interaction (F~(7,65)~ = 1.870, *p* = 0.089; eta^2^ = 0.168) was found. Specifically, a significant reduction in Ki-67 levels across early development was observed, with reduced Ki-67 expression in ELS hippocampus at P12 (*p* \< 0.011) and P16 (*p* \< 0.022). For DCX in male hippocampus, a significant effect of treatment (F~(1,65)~ = 6.411, *p* = 0.014; eta^2^ = 0.090), age (F~(7,65)~ = 54.231, *p* \< 0.001; eta^2^ = 0.854), and a treatment\*age interaction (F~(7,65)~ = 2.313, *p* \< 0.036; eta^2^ = 0.199) were observed, with decreasing expression over development and lower levels of expression in ELS mice at P8 (*p* = 0.070), P12 (*p* \< 0.001), and P16 (*p* = 0.014). For female mice, a nearly identical pattern of results was found. Specifically, for Ki-67, a significant effect of age (F~(7,64)~ = 75.712, *p* \< 0.001; eta^2^ = 0.892), treatment (F~(1,64)~ = 9.150, *p* = 0.004; eta^2^ = 0.125), and treatment\*sex interaction (F~(7,64)~ = 5.055, *p* \< 0.001; eta^2^ = 0.356) were observed, with decreasing expression over development and lower levels of Ki-67 in ELS female hippocampus compared with controls at P12 (*p* = 0.006), P16 (*p* \< 0.001), and P21 (*p* = 0.001), but not later time points. For DCX levels in female hippocampus, a significant effect of age (F~(7,63)~ = 93.407, *p* \< 0.001; eta^2^ = 0.912), no main effect of treatment (F~(1,63)~ = 0.804; *p* = 0.373; eta^2^ = 0.013) but a significant treatment\*age interaction (F~(7,63)~ = 3.240, *p* = 0.005; eta^2^ = 0.265) were found. Similar to males, there was a decrease in expression of DCX over development with lower DCX levels in ELS hippocampus at P12 (*p* = 0.033) and P16 (*p* = 0.009). Thus, ELS does impact the expression of markers of neurogenesis over development, however, all significant effects are restricted to early developmental time points (prior to P38).

4. Discussion {#sec4}
=============

Here, the effects of ELS on the development of spatial memory in a mouse model were tested. Specifically, testing was carried out to investigate if sex differences exist in risk for the development of disturbances in spatial memory, and if effects were present, to identify when they emerge, and how long they persisted. ELS, in the form of maternal bedding restriction, led to early and persistent impairments in male performance on the NOP task. In females, ELS was associated with impaired performance during the pre-adolescent period, but these effects resolved prior to young adulthood. The current results suggest that ELS may have sex and developmentally selective effect on cognitive functioning, with effects in males being early emerging and more persistent than those observed in female mice.

In the current study, control reared male mice could perform the NOP task as early as 21 days of age (P21) with females showing a trend toward successful performance at P21 and successful performance by P28. These results are consistent with the work of Stanton and colleagues, who have found in rats that novel object location abilities develop as early as P21 ([@bib32], [@bib70]). Thus, the task and chosen time points for measuring NOP function were appropriate and allowed us to assess the impact of ELS on this behavior throughout early development.

ELS led to persistent impairments in spatial performance in male mice and early but transient effects in females. The current study leveraged a modified version of the fragmented maternal care paradigm developed by the lab of Dr. Tallie Baram ([@bib51], [@bib10]). Using a similar model of ELS, [@bib45]. observed significant effects of ELS on cognitive outcomes in adult mice on the NOP task: impaired performance in adult male mice and no impairments in adult females. The current results confirm the adult effects observed in that report, and significantly extend that work to demonstrate that female cognitive ability is also affected by ELS. However, the effects of ELS on female cognitive ability appear to be dependent upon the age of testing. Specifically, impaired performance in ELS female mice was observed immediately post weaning (P21) as well as during pre-adolescent stage (P38), but not at other developmental time points. The current data suggest that female function may in fact be impacted by ELS, but that the effects in females either resolve, or that females develop an alternative strategy to promote success on this task by early adulthood. However, the mechanisms underlying the persistent impairments in memory function observed in males, or the transient impairments observed in females, are not fully understood.

The neural mechanisms supporting NOP performance have been investigated across a variety of species including rodents and non-human primates. Based upon that literature, multiple nodes within a broader network have been identified as being that critical for successful performance on this task. Based on lesion studies, the broader circuit supporting NOP function includes the hippocampus ([@bib3], [@bib9]) and more specifically a reliance upon an intact dentate gyrus (DG) and CA3, but not CA1 ([@bib36]). Additional studies have shown that success on the NOP task further relies upon an intact fornix ([@bib1], [@bib21], [@bib24]), anterior thalamus ([@bib1]), anterior cingulate cortex ([@bib68]), peri-rhinal cortex ([@bib71], [@bib9]), and medial prefrontal cortex ([@bib52], [@bib21], [@bib9]). In pharmacological studies, NOP performance has also been shown to be dependent upon cholinergic signaling. Regional modulation of cholinergic activity in the frontal cortex or hippocampus ([@bib23]) or septum ([@bib63], [@bib59]) have been shown to contribute to impairments in NOP performance.

In the previous report by Naninck and colleagues, the author argue that ELS-associated changes in dentate gyrus (DG) neurogenesis may mediate the effects of ELS on cognitive functioning in the novel object placement task. Such effects could be consistent with prior work demonstrating involvement of hippocampal as well as para-hippocampal regions in object-location memory tasks ([@bib71], [@bib39], [@bib36], [@bib48], [@bib6], [@bib4]). The current study did not directly assess rates of neurogenesis in DG, but instead included proxy measures of gene expression for markers of cell proliferation and differentiation in whole hippocampus. In all groups, a significant decrease in the expression of markers of cell proliferation and differentiation were found across early postnatal development, consistent with decreasing rates of neurogenesis over the early postnatal period. ELS led to a more rapid developmental decline in expression of these markers in both male and female mice. However, the majority of the effects of ELS on Ki-67 and DCX expression dissipated by P21, the start of behavioral testing. During the adolescent and adult period, no effects of treatment or treatment\*sex interactions were observed for gene expression, despite ongoing impairments in behavioral performance in ELS reared males, but intact performance in ELS reared female mice. Ki-67 and DCX expression change over development and across the life-cycle of the cell, with Ki-67 being expressed during the process of cell division and DCX being expressed during the process of cellular differentiation. In our previous work, declines in DCX gene expression were mirrored by a decrease in density of DCX-immunoreactive cells, suggesting that gene expression can serve as a proxy measure for quantification of cell number. Based upon these data, markers of cell proliferation and differentiation do not appear to predict impairments in performance on this task. It should be noted, that in the work of Naninck, the authors quantified rates of neurogenesis in the same animals that had performed the NOP task, but in the current study, measures of Ki-67 and DCX were collected from behaviorally naïve animals. Further, in the work by Naninck, the authors observed elevations in rates of neurogenesis in both sexes, but sex selective effects on survival, which were correlated with performance. It is possible that gene expression levels for markers of proliferation and differentiation in the whole hippocampus, collected here, may not provide adequate sensitivity to detect changes in region specific (e.g. DG) rates of neurogenesis or differences in rates of survival of newly born cells. Therefore, more intensive study would be required to fully resolve this issue.

In the current report, ELS led to significant and persistent impairments in the NOP task in male mice, but transient effects on NOP performance in ELS reared females. Multiple possible factors could contribute to deficits in NOP performance, including stress associated changes in object interest (e.g. neophobia), elevations in anxiety-like behavior, stress effects on locomotion and object exploration, or stress associated changes in spatial memory processing. Here, extensive analysis of rodent behavior was carried out across different phases of the task to identify whether deficits in performance were related to altered cognitive ability or some other variable, such as elevated anxiety or differences in object exploration. In the current analysis of the data, observed deficits in performance do not appear to be due to stress associated changes in locomotor function, object interest, or willingness to approach the objects. Thus, the observed deficits are likely due to effects on processing of spatial information. In the current study, a 25-min interval was employed between the T1 exploration and T2 recognition phases of the task. This interval was chosen, as rodents show greater difficultly with task performance over extended delays, especially at younger ages ([@bib70]). By using a 25-min delay, this allowed for a task that was both sufficiently difficult and accessible to young animals. Additional studies should be carried out, using longer delays. Such studies may provide additional insights into disruption in spatial memory function in control and ELS reared male and female animals and identify further deficits in memory consolidation at these young ages.

A principle goal of much of the work investigating ELS effects on cognitive development in animal models, is to provide model systems of early adversity that phenocopy traits associated with pathological outcomes in humans, and to then leverage those models to understand the neurobiological substrates of dysfunction. Here, ELS in the form of maternal bedding restriction resulted in persistent impairments in spatial skills in male mice, but only transient effects in female animals. This work is consistent with prior work assessing cognitive function following rearing in a bedding restriction stress paradigm ([@bib45]), and suggests replicability of this model across labs. In addition, this model may provide a useful tool for understanding the possible neurobiological substrates of risk, and possibly resilience, for cognitive deficits following early adversity, as well as a tool to better understand developmental changes in behavioral deficits and their relation to changes in symptom expression in human exposed to early adversity. However, it should be noted that previous work in other model systems of early life stress (including data from multiple strains of mice and rats) have yielded somewhat conflicting results. Differences in outcome could be the consequence of differences in the timing of stress induction, the mode and severity of the stressor, the species used, or the timing and form of behavioral testing. Specifically, in models of prenatal stress, some have observed selective impairments in female BalbC mouse offspring ([@bib66]) while others found a male bias in impairments in various species of rats ([@bib44], [@bib55], [@bib56], [@bib67]) using the NOP or Morris water maze tasks in adolescence or adulthood. Still other studies using either mice and rats as model systems, failed to find any sex differences ([@bib11], [@bib46]) or showed ELS to be associated with improvements in cognitive performance ([@bib72], [@bib7]). Studies investigating the effects of early postnatal stress manipulations on cognitive outcomes have been less numerous and have similarly resulted in disparate findings, that appear to depend upon the specific timing and form of stress used. For example, rats receiving low licking and grooming early in life showed improvements in spatial memory performance when tested as adults ([@bib8]). However, maternal separation or maternal deprivation, which involve greater handling of subjects, were associated with female selective effects, with effects being observed in adolescence and adulthood ([@bib66], [@bib41]). Given that behavioral outcomes may be highly dependent upon the form, timing, and severity of stress, as well as the age at testing, a greater understanding of how manipulation of these variables can drive disparate outcomes will be important in understanding risk factors for negative outcomes and the importance of the timing of these events on brain and behavioral development. Furthermore, in the context of translational research, care should be taken when considering the timing, duration, and method of stress, as well as the timing of testing of behavioral performance when considering models systems approaches to understanding pathology.

4.1. Conclusions {#sec4.1}
----------------

Here, a comprehensive developmental approach was used to assess the impact of ELS, in the form of maternal bedding restriction, on the development of spatial abilities in a mouse model. The current results significantly add to our understanding of the effects ELS on the development of spatial learning in this model, provide greater insights into sex selective disruptions in function, and provide clarity with regard to the timing of emergence of these effects. More work will be required to understand the neurobiological underpinnings of these effects, and the factors that confer risk and resilience in male and females.
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![**ELS effects on hormonal, somatic, and motor development.** Data was collected for control and ELS reared male and female mice across development. A) Mean AM basal serum corticosterone levels were higher in female mice compared with males and ELS led to increased basal corticosterone in both sexes. B) mean weight of females were lower than males, with all animals gaining weight across the study period. On average ELS reared mice were 17% smaller than control and ELS mice. C) No effect of sex or treatment was found for total distance traveled in the open field at P20. D) No effect of sex or treatment was found for % center time in the open field. Main effects of age, treatment and sex are identified with (\*). Post-hoc ANOVA at a given age are identified with (^\#^). \*\*\**p* \< 0.001, ^\#^p \< 0.05. Data are presented as mean (+/− SEM).](gr1){#fig1}

![**ELS has developmental and sex selective effects on NOP performance.** T2 fraction for mice during the test phase of the NOP task. T2 fraction was calculated as the ratio (novel object investigation/(novel + familiar object investigation)\*100. There was no difference in performance between control male and female mice. (A) For male mice, a significant main effect fo treatment was found, with ELS mice failing to perform above chance at all ages tested. (B) For female mice, ELS led to impaired performance at P21 and P38 but not other developmental time points. \*denote significant main effect (ANOVA). ^\#^denotes significant single sample *t*-test, comparing T2 fraction to chance (50). ^*a*^denotes an effect approaching but failing to reach significance (p \< 0.10). Data represent the group mean (+/-SEM).](gr2){#fig2}

![**ELS does not alter motor activity in the NOP task.** We observed a significant effect of age, but no effects of sex or treatment on locomotor activity during T1 exploration phase for either (A) male or (B) female mice. During the T2 recognition phase, we also observed a significant effect of age, but no effects of sex or treatment on locomotor activity for (C) male or (D) female mice. \*alpha was set at (*p* \< 0.05). Data represent the group mean (+/-SEM).](gr3){#fig3}

![**ELS does not alter object exploration during the NOP task.** For object exploration during the T1 exploration phase of testing we observed a significant effect of age for (A) male and (B) female mice, but no effects of sex or treatment or interactions. During the T2 recognition phase of testing, we observed a main effect of sex, but no effect of treatment, age, or interactions for (C) male and (D) female mice. \*alpha was set at (*p* \< 0.05). Data represent the group mean (+/-SEM).](gr4){#fig4}

![**Degree of T1 investigation is not correlated with performance during the T2 phase of the NOP task.** The relationship between performance during the T2 recognition phase of testing and duration of object exploration during the T1 exploration phase of testing is plotted for each individual animal. Plots at R^2^ are included for animals at A) P21 B) P28 C) P38 D) P50 and E) P75. No significant relationship between T1 exploration measures and performance during the T2 recognition phase of the task at any age. Based upon these data, greater investigation of the objects during the T1 exploration phase does not promote better performance on during the T2 recognition phase.](gr5){#fig5}

![**ELS alters the developmental expression of markers of neuronal proliferation and differentiation similarly in male and female hippocampus.** Gene expression for Ki-67 in (a) male and (b) female whole hippocampus as well as doublecortin (DCX) in (c) male and (d) female whole hippocampus. Gene expression was assessed by realtime qPCR and calculated relative to 18S. We observed a significant decrease in expression over development, and observed lower levels of expression in ELS reared hippocampus at early developmental ages for both sexes and both markers, but no significant effects of sex or treatment beyond P28. \*significant main effects ^\#^significant post-hoc (Tukey LSD). Alpha was set at (*p* \< 0.05). Data represent the group mean (+/−SEM).](gr6){#fig6}
